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A. General 
CHAPTER I 
INTRODUCTION 
Early construction works were seldom to consider the compaction of 
soils because they involved only small amounts of earthwork. However � . ' 
the development of construction equipment has increased.the depths of 
cuts, heights of fill, and total earthwork quantities. As a result, soil 
compaction has become an inevitable technique in the construction of roads, 
embankments, and other earthworks to improve the:i,r stability. 
Soils are compacted in order to increase their shearing strength 
and to reduce their compressibility and permeability. In general, the 
different kinds of soils respond differently when they are condensed by 
compaction. The effect of compaction has been examined extensively. 
However. the compaction process itself is only poorly understood. Con-
sidering the large· quantities of soils compacted annually, it is desirable 
to extend the knowledge or the compaction process. 
The compaction process itself consists of determining the moisture 
content of the soil which will enable the maximum dry density to be 
achieved with a given amount of compactive effort. The results o.f the 
standard compaction test of most soil show a single peak in the dry 
d.ensity versus moisture content curve ( Figure 1). However, some soils 
exhibit compaction curves with irregular shapes· ( Figure 2). At the 
present time, the irregularly shaped compaction curves have been obtained 
in only a few experimental investigations. :Because of the lack of ex­
perimental data to support this phenomenon, the existing theor
ies of 
Moisture Content - % 
FIGURE 1 .  TYPICAL SINGLE PEAK 
COMPACTION CURVE. 
Moisture Content - % 
FIGURE 2. IRREGULAR COMPACTION CURVES. 
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compaction have not been extended to explain these irregularly shaped 
curves. Therefore, it is necessary to conduct more in vest igations to 
have a·thorough explanat ion for the irregularly shaped compact ion curves . 
B. Review of the Literature 
The effect of the moisture content of a soil upon the density to 
which it may be compacted is the most important principle of soil com­
paction. Proctor's capillarity and lubrication theory (1), Hogentogler's 
viscous theory (2), Lambe's physico-chemical theory (3) and Olson's er- · 
fective str es� theory (4) are t he four basic theories which at t empt t o  . 
explain the r e lat ionship of moisture on the compacted dry density. 
It has been known that these four basic theories apply only to the 
single peak compaction curves and cannot have a satisfactory explanation· 
to cover the irregular compaction curves. Olson (4) attempted to make 
a tentative description for the double peak curve, although only a few 
laboratory tests had been performed. He proposed that the surface fric­
tion of the soil is high when the surface is dry. The high friction in­
duces a high shearing strength, resulting in a low density. The first 
small amount of water acts as a lubricant, thereby increasing the dry 
density. There a.re no water menisci to be formed at the very low water 
contents because the electrical forces bet•een the water and soil are 
stronger than the forces between the water molecules. As more water is 
added, the attracting forces between water and soil decrease and the 
menisci begin to form, tending to increase the strength. The .formation 
of water menisci occurs at the peak point o.f the low water content mois­
ture-density curve, and the soil strength increases because the 
4 
lubrication starts to decrease. . More· menisci are created by the increase 
of water, causing � increase of the effective stress and a decrease in 
compacted dry density. The lowest point of the concave portion between 
two peaks is reached as soon as all the menisci are developed between 
the soil particles. Olson further pointed out that the effective stress 
theory begins to apply when the addition of more water .flattens the 
menisci. 
Some investigations concerning the characteristics of irregular 
compaction curves were performed by P. Y. Lee and R. J. Suedkamp (5). 
As a result of the investigations of 34 different soils by using the 
Standard AASHO Compaction Test, they found that there are two· approximate 
regions on the modified Casagrande's classification scheme {Figure 3 ) 
showing irregularly shaped compaction curves. The soils with liquid 
limits greater than 70 and less than 30 usually create irregularly shaped 
compaction curves. On the contrary, the soil� with liquid limit·s be­
tween 30 and 70 produce single peak curves. Lee and Suedkamp also iri­
dicated. that four types of curves exist (Figure 4) -- a typical single 
peak compaction curve (Type A), a. one-and-one-half peak curve (Type 13), 
a double peak curve (Type C), and an oddly shaped curve (Type D). 
On the basis of the Olson's hypothesis, S. K. Cutler (6) completed 
a considerable number of tests on soil concerning the irregular com- -­
paction curves. He concluded that the pore pressure plays an extremely 
important role in the shaping of compaction curves, depending on the type 
of soil involved. cutler proposed.that the antilubrication, but not the 
pore pressure, is the determining factor to create the one-and-one-hal.f 
peak curve of sandy soil, and ��e .single peak curves, with approximate 
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liquid limits between 30 and 70, are gove:rned by the effective stress 
theory alone. The .shape 0£ double peak co paction curves, with liquid 
limits less than 30 is usually controlled by the pore pressure. In 
other words, the pore pressure plays a predominant part in the shaping 
of the first part of the double peak compaction curves with liquid limits 
less than 30. Even though pore pressure variances are sometimes present, 
when the liquid limits of the soils is greater than 70, the dominant 
factor in the shaping of the curves is the physico-chemical makeup of 
the individual soil present. 
The important influences of temperature on the compaction curves 
has been given little consideration, A. • Johnson and J. K. Jallberg 
(7) summarized primarily from a search of the literature that increasing 
the temperature leads to increase the maximum dry density 0£ the single 
peak curve. They explained that the water in the soil is more viscous 
at the lower temperature, reducing the workabi�ity of the soil, which 
induces a lower dry density. 
Some investigations which were not involved· in the compaction 
tests, have shown the temperature effect on some soil properties. From 
the results of confined and undrained compression test, M. A. Sherif and 
C. M. Burrous (8) concluded that an increase in the temperature causes 
a decrease in the compressive strength of the soil. They reasoned that 
the absorbed water around the soil particles has a less rigid state as 
the temperature increases, thereby increasing the pore pressure and 
decreasing the effective stress. Consequently, the shearing strength of 
the soil is decreasing. This conclusion" therefore, is in agr
eement 
with most investigation� {9, 10, 11, 12). although not all indicate 
exactly the same results (13). R. L. Plum and M. I. Esrig (9) also pos­
tulate that the expansion of the electric double layer of soil particles 
will occur with the increase of temperature, thereby increasing the 
repulsive forces and decreasing the effective stress and shearing 
strength. 
Johnson and Jallberg (7) also indicated in their summary that in-
-
creasing the compaction effort by the modified compaction test for a 
single peak curve not only increases maximum dry unit weight and de-
creases optimum moisture content, but al�o decreases the percentage of 
air voids. In addition, they pointed out that very heavy clay soils 
may result in irregular compaction curves when tested under the stand-
ard compaction method and that increasing the compaction effort tends 
to decrease irregularity. However, this brief statement is based merely 
on limited data, and a systematic investigation is necessary. 
J. L. McRae and P. C. Rutledge (14) obseryed that the optimum 
water contents at the same maximum dry densities for the kneading com� 
8 
paction on a single peak curve are about 1 percent higher than the stand-
ard impact-type compaction. 
It has been suspected that there is a difference on moisture-density 
curves between values obtained by reusing the same portion of soil over 
and over and values obtained by using a new batch of soil for each point 
on the compaction curve. Concerning this viewpoint, G. H. Nelson and G. 
F. Sowers (15) concluded from a series of tests that the single p eak 
comp.action curve produced by reusing the same portion of soil . appears to 
have a slightly greater maximum dry density than the single peak com­
paction curve prod�ced by using separate batches of soil for 
each point. 
9 
It is noted that most of the prior investigations on1 examined 
the single peak compaction curve. To investigate the chara.eteristics of . 
irregularly shaped compaction curve is therefore necessary. 
C. Ob,jective 
This investigation, which was carried out at South Dakota State 
University, sponsored by the National �cience Foundation, is the third 
stage of a series of investigations to examine the characteristics of 
irregularly shaped compaction curves. Because the change 0£ temperature· 
is an important factor in influencing the engineering properties of soil, 
the main objective of this research was to examine carefully the effect 
of temperature on the irregularly shaped compaction curve. The addi­
tional purposes were to investigate the influence of different compaction 
methods and the influence of soil sample preparation. 
CHAPTER II 
LABORATORY INVESTIGATION 
A. Preparation of Soil 
Most soils used in this investigation were combinations of com­
mercial soils such a�_ kaolinite, montmorillonite, illite, and the sand 
which was obtained from the local fiela. The sand consisted of feldspar 
and quartz. The selected samples are indicated in Tabl e  1. The purposes 
of this selection were to attain a wide range of engineering characteris­
tics as well as compaction curves of soils. In addition to.the combina­
tions of known minerals, some natural soils were chos en to be examined. 
Each time the soils were air-dried and pulverized to pass a No. 4 
sieve, mixed with water in increments of two. or three percento · Every 
sample was put into a leakproof plastic bag. A batch of samples was 
sealed in a big plastic bag and stored in a moisture control room for at 
least 24 hours. 
B. Apparatus and Test Methods 
The specimens were tested at 40, 80, and 120 F with ±5 F deviation. 
For the purpose of controlling temperature, a thermal-insulated chamber 
was built with plywood and insulation to surround the standard compactor 
( Figure 5). A deep freezer was connected to the right side of the insu­
lated-chamber, and afforded the cool air to hold the temperature at 40 F. 
Thers is an ad justable gate between the deep freezer and the charnber to 
regulate the temperature. The higher temperature was provided by a 
heater with a thermostat which ranged from 70 F to 140 F. The heater 
Sample 
No. 
1 
2 
; 
4 
5 
6 
7 
8 
9 
T.A13LE t 
Selected Soil S.amples 
Sanda Montmoril- Illinitec Kaolinited 
Percentage loniteb Per- Per-
100 
75 
0 
50 
25 
0 
0 
Percentage centage centage 
0 
0 
0 
50 
50 
50 
25 
Natural Soil 
Natural Soil 
· O 
0 
100 
0 
25 
50 
50 
0 
25 
.o 
0 
0 
0 
25 
L.L. 
0 
'13 
51 
230 
172 
170 
105 
30 
72 
P. I. 
NP 
NP 
21 
198 
142 
129 
73 
25 
32 
�Pu.re sand obtained locally. 
Bentonite obtained from Baroid Div. of Nat. Lead Co., Houston, Texas. 
�Grundit� obtained from Green Refractionery Co., Morris, Illinois. 
Clay Hydrite - 121 obtained from Thompson-Hayward Chemical Co., 
Kansas City, Kansas. 
11 
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(A) 
FIGURE 5. TEMPERATURE:-CONTROLLED CHAMBER : (A) OUTSIDE VI 
(B) 
( B) INSIDE VIEW. 
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13 
was placed in the bottom part of a circulated tunnel which was ma.de of 
insulated materials, connected to the chamber from the left side. A 
schematic illustration is shown in Figure 6. 
The samples, which had been stored in the moisture control room, 
were deposited in the chamber under the desired temperature more than 12 
hours in advance of testing. 
The Standard AASHO Designation: T99-70, method A, also indicated 
as ASTM Designation: D698-70, method A, was the primary and substantial 
method applied in this research. In this method
. 
the soil is compacted 
in a 4-inch diameter and 6-inch high mold in three layers by dropping 
a 5.5 pound ram from a height of 12  inches, 25 times per l ayer. 
Subsequently, two methods used for compaction were employed to com-
pare to the standard compaction method. One method is the odified 
AASHO Designation: Tl80-70, method A, or known as ASTM Designation: 
Dl557-70, method A. The same mold as for the �tandard method is used, 
but the compactor is effected by twenty-five blows of a 10-lb rammer 
dropped 18 inches on each of five layers of soil. · The other method is 
the Standard Kneading Compaction Method (AASHO Designation : T173-56). 
The pressure employed in this investigation is 200 psi instead of 350 psi 
as in the standard kneading test. The mold again is 4 inches in diameter 
and 6 inches high. The soil is fed into the mold in 20·increments with 
one application maintained for approximately one-half second. An addi­
tional 100 applications of the load are applied after all t:he soil is 
filled into the mold. 
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CHA.PrER III 
RESULTS AND ANALYSIS 
A. Temperature Effects 
Obviously, the variation of temperature always has an important 
effec.t on the enginee.ring properties of soil. However, there were only. 
a few investigations of soil compaction tests which were involved in the 
research of temperature effect and they examined only the single peak 
curve. Therefore, the study presented is an att-einpt to further deter-
mine the temperature effect on the irregularly shaped compaction curves. 
I 
1. Lower Water Content 
At the lower water content, the temperature seems to have no sig- . 
nificant influence on the compaction curves and the data of various tem-
perature show no cons i stent relationship. There are some reasons can be 
explained for this phenomenon. 
The pure sand (Figure 7) expressing a typical one-and-one-half peak 
curve is located at the lower region of Figure 3. The increase of dry 
density of compaction curve because of the increasing temperature is 
attributed to the increase of pore pressure. However, the pore pressure 
essentially has a negligible effect on the first part of compaction 
curve of pure sand ( 6). Therefore, it is reasonable that the dry densi- · 
ty of pure sand with water contents from 0 percent to 7.5 percent has a 
negligible effect for the various temperature.-
For the double peak curve in the lower region, in spite of
 the 
fact that the pore pressure is an important factor in the shaping 0£ the 
compaction c�e, some other factors are involved, causing the random 
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17 
results with water content from 0 percent to 7 percent ( Figure a). Also, 
one natural soil ( Sample No. a·, L.L. = 30, P.I. = 25)·,. located in the 
lower region of Figure 3, shows no significant influence by the in­
creasing of temperature upon the water content between 0 percent and 
7.5 percent ( Figure 9) • . It must be pointed out that the variable lab-
oratory workmanship really reflects an effect on the results of com-
paction tests, particularly for the fine-grained soil containing a small 
amount of water. In addition, when the compaction ram drops down onto 
the fine-grained soil with lower water content, �he force 0£ the com.-
pact ion ram always expels the._ fine··soil particles. out of- the .mold as .dust, 
I 
thus reducing.the accuracy. These are some probabilities that the irreg-
ular compaction.curves of samples selected from the lower region occur 
randomly at the lower water content. It should be noted that these in-
fluence the data accuracy, but show no dominant change in the shape of 
compaction curve. 
The results for those samples ( Figures 10 to 13) selected from the 
middle and upper regions of Figure 3, with water content from 0 percent 
to about 10 percent or to about 15 percent, behave randomly the same as 
the samples selected from the lower region. It is known that the cohe-
sive soils are very difficult to mix evenly with water, especially 
at the lower water content. As the water plays an import·ant part in the 
compaction process, the uneven distribution of water, in addi�ion to the 
Variable laboratory workmanship as well as the extrusion oi soil from 
the mold by the force of compaction ram, should affect the o
ddly shaped 
compaction curves. Therefore, the resulting data are v
ery scattered. 
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2. High er Water Content 
24 
Upon the addition o f  more water, the temp erat ure st arts to reveal 
som e  effect s on the compaction curves, but still has no dom inant eff ect 
on th e one-and-one-half peak curve of pure sand (Figure 7). For the srun­
ples selected from th e lower region of Figure 3 with water cont ent from 
about 1 p ercent to optimum point ( Figures 8 and 9) and the samples cho s en· 
from the other two regions from the water content about 10 p ercent o r  15 
percent to optimum point (Figure s 10 to 14) the increasing t emperatur e 
tend s to increase the dry density. An increase o f  t emperature decreases 
the visco s ity of water and expands the electric double lay ers of soi l 
I 
particles, thereby obtaining a greater d ry density . E s s entially, on e of 
the predominant factors i s  that the increasing temperature redu c es the 
rigid state o f  water which surrounds th e individual so il par ti c les , in-
creasing the pore pressure. As increasing pore pressure i s  ass o ciat ed 
with a decreasing effective stres s  and the shear ·strength, thereafter,  
allowing the soil particles to s li de clo sely to each other, r esulting in 
a higher dry d en sity. Some of those highly cohesive clay s  in the portion· 
of higher wat er content, for instance , Sample No. 4 (Figure 11), sti l l  
occur in some scattered data. The reason is that the pore pres sur e  only 
play s  a part of the influence on the shap e  of irr egular compaction curv e, 
and the most logical explanat ion would be  to consider the physico ­
chemical characteristics o f  the minerals pr esent ( 6) . The t emperature 
effect on the wet side o f  the optimum p-0int again i s  d ecreas
ing. 
Finally, it i s  appar ent that most of the highly coh esiv e c lay s 
exhibit a smoother curv e at 120 F than tho se at a lower temperature 
(Figures 11, 12, and 14)! This pheno enon may be cau
sed by the e ffect 
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of the increasing temperature in reducing the viscosity of water, result­
ing in a more even distribution 0£ water, thereafter inducing a smoother 
curve. 
B. Influences of Compaction Methods 
Most samples in this investigation were performed with a standard 
impact-type compactor . Some of the tests were also tested with a mod"!!' 
ified impact-type compactor or a manual kneading compactor to investigate 
the effect of different compaction methods. All of the comparisons are 
based on the temperature of 80 F. 
The differences in results between standard compaction tests and 
modified compaction tests are shown in Figures 15 to 17. The shape of an 
irregular compactio n curve is inclined to be become a singJ,.e peak curve­
while the compaction effort is increasing. The increasing compaction 
effort on an irregular compaction CU-""Ve is followed by an increasing 
maximum dry density and a decreasing optimum moisture content, the same 
as a single peak curve. 
It is observed that the results of kneading compaction tests appear 
to effect merely a small a.mount of change in density and that the types 
ef shape still remain the same, if compared to the results of standard 
impact-type compaction tests ( Figures 18 to 21). The hi�hly cohesive 
clay ( Figure 21), however, seems to b.e varied in the shaping of the com­
paction curve. nut it is still an oddly shaped compaction curve
. 
C'. Influences of Soil Preparation 
It is economical and convenient to reuse th
e soil specimens. How-
ever, it is impossible to break up thoroughl
y the air-dried aggregations 
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o f  s o i l , the reused s amp l e ,  into individual part i c l es showing the s ame 
grain- s i ze dist ribut ion as the new sample , part icularly tho s e  cohes ive 
s o i l s . In the compact ion t es t , the reus ed sample shows a r e sult differ­
ent from that of the new sampl e .  
For thes e cohesive s o i l s  ( Figures 22 and 23 ) ,  as t h e  figures show , 
the significant di fferences of the shap�ng of compact i on curve s  between 
the new s amples and reused s amp l e s  are locat ed on the port i on o f  low 
wat er cont ent . The result s o f  l iquid-limit and plastic- l imit . t est s re­
veal approximat ely the s ame values , except that the liquid l imit o f  Sam­
ple No . 5 i s  s li ght ly great er for the reused specimen t han the n ew one . 
According t o  the result s of si eve analys i s , .however , it i s  indicat ed that 
the grain- size dist ribut ion o f  new samples appears to be much more uni­
form , containing many more finer p art ic les than the reus ed s amp l es .  As 
A. S. Mi chael s  ( 16) po int ed out , the clay when dri ed and t hen pulveri zed 
cons i st s  o f  "packets "  o f  many t ight ly bonded clay part i c l es .  'I'he 
"packet s "  do not t end t o  stick t o  each other and the dry s o i l  l acks cohe­
s ion , b ehaving more like granular particles . From thi s vi ewpo int , the 
higher density of reus ed clay, at the lower wat er cont ent , is predomi­
nant ly due to the reducing shear s trength caused by the decreas e  o f  co­
hesion between the soil part icle s  and the nonuniform grain.
- s i ze di st ri­
but ion .  In addit ion , the air-dri ed cohesive soi l ,  even being expos ed t o  
the air for a long t ime , usually retains a_ small port ion o f  wat er di s-
t ribut ed evenly arou.�d the s o i l  particles .  It seems difficult for the 
new sample , on the contrary, t o  have an even dist ribut ion of wat er whil e  
mixed with a small amount o f  wat er. 'l'he lubri
cation effect , therefore , 
i s great er in the reus e d - sample responding to
 a higher dry density .  As 
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more wat er i s  added ,  the effect s o f  npack ets" t end to di s appear and both 
samples should have a more even di stribut ion of wat er 
·
cont ent . As a re­
sult , the dry dens ity at t ains the sa!!le value . 
In pure sand ,  shown in Figure 24,  the reus ed samp l e  appears to 
have a higher dry d ensity in the portion between the zero wat er c ont ent 
and optimum point ( wat er cont ent from 0 perc ent to 8 p ercent ) but there 
i s  no signi ficant vari et y around and aft er the opt imum point . It is 
fo'W'l.d that the part i c l e  di stribut i on curves of sieve analysis l ikely 
exhibit the ident ical shape for both samples . Ho.wever , the p erc entage 
is s light ly higher on the di stribution curve of s i e�e analysi s  for the 
reused sample . Therefore , i t  probably could pe explained that the dif­
ference of dry density b etween reused sand and new sand i s  att ribut ed t o  
the di fferent grain-si ze distribution . 
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CHAPTER IV 
SUMMARY AND CONCLUSIONS 
A series of experiment al t est s were performed on soils to inves­
tigat e the irregular compaction curves . On the bas is  of these tests 
s everal conclusions concerning the irregularly shaped comp ac tion curves 
can be e s t ablished . 
1 .  The temperature mainly shows a negligible effect on the one­
and-one-hal f peak compaction curve of ·sandy soil whi,ch has 
an extremely low liquid limit , especially at the lower water 
cont ent from 0 percent to 7 . 5  percent . 
2 .  As the results show, the variance o f  t emperature exhibits no 
significant influence Cor all the soil s  at t h e  lower wat er 
content . The range of water content showing negligibl e  t em­
perature effect for the soil with liquid limit l e s s  than 30 
is from 0 p ercent to 1 percent and for the soil with l i quid 
limit great er than 30 is from 0 percent to about 10 percent 
or 15 p ercent . 
3. For the sampl es s elect ed from the lower region 0£ Figure 3 
( L . L .  < 30 ) with wat er content from about 7 per�ent to the op­
t imum point and the sample chosen from the other two regions 
(L .L . > 30 ) b etwe en the wat er cont ent about 10 percent or 15 
percent and the optimum point , the increasing t emperature re­
sult s in an increas e of dry density. Becaus e the higher t em­
perature is associated with lower strength, the higher dry 
density is obtained . This phenomenon is inclined to  reduce 
aft er th� opt imum moisture cont ent . 
4 . Increas ing compaction effort by the modifi ed compact ion t esi , 
the irregularly shaped com�act ion curves definit ely t end to 
reduce the degree of irregularity, having a t endency t·oward 
a typical single peak curve . Also , the increase of compac­
t ion effort increas es the maximum dry unit weight and de­
creas es  opt imum moi sture cont ent . In addit ion , the result s 
of the kneading compaction test show the same types of com­
pact ion curves as standard impact-type compact ion t est , es­
pecially for the samples selected from the lower region of 
Figure 3 . 
5. The reus ed sample of cohesive clay obtains a predominant ly 
higher density on the portion of lower wat er content compared 
to the new one . The existing of "packet s"  of many tightly 
bonded clay particles in reused clay and the uneven distri­
but ion of wat er in new clay may have affected this phenomenon .  
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